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Abstract 
Under the umbrella of Life Cycle Engineering several engineering branches provide different approaches for industrial sustainable development 
and/or for modeling engineering analysis for decision-support on products design and materials/technology selection. The differences are 
mainly on the dimensions of analysis, i.e., environmental, economic, technical and/or social and on the scope of the analysis, namely cradle to 
grave or cradle to cradle. In this paper we discuss several approaches developed by the authors, providing a roadmap to guide designers to 
choose the most suitable for a specific problem. Case studies are presented to illustrate several types of applications and possible outputs of life 
cycle analyses. 
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1. Introduction 
Life Cycle Engineering is a very broad area, featuring all 
approaches, models and tools developed in the last decades to 
support the development and production of more sustainable 
products. First introduced by Alting and Legarth [1] as “the 
art of designing the product life cycle through choices about 
product concept, structure, materials and processes”, it has 
evolved to what Jeswiet [2] described as an umbrella for 
engineering activities to design and manufacture products, 
aiming to protect the environment and conserving resources, 
while encouraging economic progress and fostering 
sustainability. Numerous existing methods analyze the 
engineering cases in different dimensions, namely in terms of 
costs [3], environmental impacts [4], social impacts [5] or/and 
products technical performance [6]. Following the research 
and cases studies where different LCE models were applied 
by the authors, some already published [7, 8, 9, 10], in this 
paper an approach is proposed to guide designers and 
manufacturers to choose the most suitable way to map 
engineering design alternatives for a specific problem.  
2. Design alternatives mapping in a Life Cycle 
Engineering perspective 
To fully evaluate the impacts of different engineering 
design alternatives throughout the life cycle normally three 
dimensions are required: costs, environmental impacts (EI) 
and technical/functional performance. So, a ternary map can 
be considered as the most appropriate, as it allows the 
aggregation and the mapping of the best alternatives 
according to a system of importance weights given to each 
dimension. In this representation all life cycle phases are 
computed as having the same importance. When the 
technical/functional performance among alternatives is the 
same or redundant (for example, highly correlated with costs), 
a representation model integrating the two dimensions, costs 
and EI, named as CLUBE in [8], can be more convenient. 
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Besides the exclusion of the third dimension, this 
representation also differs from the ternary model regarding 
the different importance given to the different life cycle 
phases. This leads to different best alternatives in each type of 
integrated analysis, being the adequate analysis dependent on 
the critical aspects of the problem. The CLUBE mapping 
deals with situations where all alternatives are technically or 
functionally equivalent, or when technical aspects are highly 
correlated with the cost or environmental dimensions. 
Furthermore, it allows the separation between upstream and 
downstream phases (reflecting the perspective of producers 
vs. users’ stakeholders). The Ternary maps offers a better 
support in deciding among engineering design alternatives 
with different technical/functional performances and when the 
importance given to different stakeholders involved in the life 
time horizon is not an important issue.  
Figure 1 illustrates the proposed framework of the LCE 
model feeding the two different mapping models. It gives an 
overview of the LCE approach, from the problem boundaries 
definition to the results obtained for the representation of the 
outputs. It structures all relevant information that needs to be 
available within the design phase in a single decision 
supporting tool that integrates the technical, economic and 
environmental performance dimensions. The costs and 
environmental impacts are obtained using Life Cycle Costs 
(LCC) and Life Cycle assessment (LCA) methods. These are 
obtained through process based models (PBM), derived from 
the process-based cost models (PBCM). Usually used for cost 
modelling, the basics of PBCM is proposed to model also 
environmental resources consumption and emissions as most 
of them are simultaneously cost and environmental drivers. 
Further information regarding PBM can be found elsewhere 
[11, 12]. 
2.1. CLUBE mapping model 
The CLUBE mapping model intends to compare design 
alternatives addressing two aspects subject to controversy 
when dealing with dual outputs. First, the question of 
integrate costs and EI performance supported by the different 
entities involved in the whole life cycle in different 
timeframes, namely the upstream designers and producers and 
the downstream stakeholders involved in the use and end-of-
life (EoL) phases. Second, the separation between costs and 
environmental impacts that forces the decision maker to 
choose a design alternative based on two dimension-based 
criteria, often with an opposite performance evolution. 
The first step to map and compare the alternatives is the 
normalization of the costs and EI of each life cycle phase. The 
normalized values are then aggregated in Production related 
(upstream phases) and User related (downstream phases) 
values. For each design alternative (A1,..., Ak,…), the 
normalized production related costs (nCP), the normalized 
user related costs (nCU), the normalized production related 
(nEP) and normalized user related (nEU) environmental 
impacts are computed according to equation 1 [8]:  
Scorek = nCPk + α.nCUk + β.(nEPk+α.nEUk) (1)  
 
Fig. 1. LCE Approach. 
in which D is the importance given to the costs of 
downstream phases and E the importance given to the 
environmental impacts of the integrated life cycle. Both are 
relative to the production related costs, which are fully 
supported by the producer(s) (importance of 100%). This 
approach assumes that the cost of upstream life cycle phases 
(production cost) is fully important for any stakeholder 
involved. 
So, in the (D,E) space the domains of the “best 
alternatives” (ones with the highest Score for each pair of D 
and E values) can be mapped. Further information regarding 
this method can be found elsewhere [8, 9]. 
2.2. Ternary Diagrams model 
When a technical/functional evaluation is also included in 
the life cycle analysis, the integrated performance evaluation 
can be implemented through ternary diagrams, first proposed 
by Ribeiro et al. [7], where each axis represents one 
dimension of analysis. For each alternative and dimension of 
evaluation a single indicator is obtained, allowing the direct 
incorporation of the technical, economical and environmental 
performances into a multi-criteria decision problem.  
For each design alternative (A1,..., Ak,…), the normalized 
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(nLCIA) and Technical/Functional Evaluation (nTF) are 
computed according to equation 2 for each alternative: 
Scorek = w1.nLCC + w2.nLCIA + w3.nTF  (2) 
and w1 + w2 + w3=100% 
where the variables w1, w2 and w3 are the importance given 
to the economic, environmental and technical/functional 
dimensions, correspondingly.  
The final result is a global evaluation, presented in a 
ternary (w1, w2, w3) space, showing the ‘‘best application 
domains’’ of the alternatives according to the importance of 
the three life cycle dimensions. Within this approach, the 
difficult task of materializing the relative importance of the 
three dimensions into a set of weights is overcome. The 
performance of an alternative is a relative quantity that 
depends on the set of alternatives being considered. Therefore 
there is no universally best alternative for a given application, 
which reinforces the need for tools to support decision 
making. 
3. Life Cycle models applied to different decision making 
problems 
In order to understand the best approach to follow to 
analyze and present the results of different alternatives under 
evaluation in a LCE study, in the following section two case 
studies are presented illustrating different engineering 
problems. The first is a material substitution problem, in 
which a set of candidate materials was pre-selected within the 
design requirements. For all these materials the product 
design was slightly adapted, so that a similar technical 
performance can be expected. The second case is a 
technology selection problem (or a mold design problem), in 
which different injection mold designs provide solutions that 
perform differently in the product production phase. 
3.1. Material Selection 
To demonstrate the application of the LCE approach to 
material selection/substitution problems, a demonstrative case 
is presented based on an automobile front fender, currently 
made of mild steel. The global objective is to analyze the 
possibility of using different metallic materials, as high 
strength steel or Aluminum alloys, evaluating the 
improvement potential. 
A functional analysis of the product (static and dynamic 
behavior in service) was performed in a preliminary step, 
mainly based on engineering requirements. A preliminary 
materials’ screening allows the identification of a set of 
materials with high potential to be further analyzed in the 
subsequent time consuming steps of the process (Table 1). 
Given the pre-selection of candidate materials based on 
their ability to perform according to the product requirements, 
a technical analysis would be somehow redundant. 
Furthermore, for the sake of minimum cost, designers are 
used to look for materials that just meet the requirements, 
avoiding those whose technical properties exceed 
significantly the minimum requirements. Of course, well 
selected high performance materials might result in products 
that exceed their minimum requirements. But, if it is indeed a 
benefit it should be reflected somewhere along their life cycle 
as regards cost and/or EIs.  
Table 1. Properties of the pre-set of candidate materials 
Properties 
St
-1
 
St
-2
 
St
-3
 
A
l-2
 
Yield Strength (Rp) [MPa] 220 350 700 190 
Young’s Modulus (E) [GPa] 207 207 207 71 
Density (ρ) [kg/m3] 7.85 7.85 7.85 2.75 
Ductility (strain at rupture) [kN·m/kg] 32 16 5 24 
Strain hardening exponent [N m/kg] 0.17 0.15 0.14 0.23 
Corrosion Resistance [0/0.5/1] 0.5 0.5 0.5 1 
Hardness [HV] 124 197 394 107 
Ferromagnetism [1/0] 1 1 1 0 
Coefficient of anisotropy 1.5 1.6 1.6 0.7 
 
Another important issue in this case study is related to time 
horizon of the analysis and the different stakeholders 
involved. While costs and EI incurred in the production phase 
are supported by the producer, in the use phase costs and 
environmental burdens are spread by the automobile users. 
Therefore, for example fuel savings due to weight reductions 
are likely to have a different importance to the producer in 
comparison with the cost impacts of the materials in the 
production phase.  
This case study suggest the CLUBE mapping of the LCE 
results as more suitable, as it tackles both aspects: the 
redundancy of the technical analysis and the importance of 
separating the stakeholders involved in the upstream and 
downstream life cycle phases. 
3.1.1. Scope Definition 
To perform the analysis of the impacts throughout the 
product life cycle of the material selection decision, it is 
necessary to define the boundaries of the problem regarding 
what phases to analyze and what costs and environmental 
flows to consider (Figure 2).  
 
Fig. 2. Fender life cycle. 
3.1.2. Results from LCC and LCA 
After the identification of the product life cycle phases, 
both the cost and the EIs are calculated based on the LCC and 
LCA methodologies. These calculation models receive 
determinant inputs from the PBM since it computes not only 
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the consumption of materials and energy and the time use of 
the resources required.   
The results of the LCC for the candidate materials (Table 
2) reveal a moderate influence of the materials cost and the 
insignificant cost contribution of the dismantling phase. Also 
the significant difference in the use phase performance is 
much more evident than in the production phase. St-1 
corresponds to the alternative material with the lowest 
production cost but it more than doubles the cost in the use 
phase when compared to the aluminum alternative (Al). St-3 
is the material with lower material costs due to the 
optimization of the fender thickness, and therefore weight, in 
accordance to the material mechanical performance. 
Furthermore, it performs similarly to Aluminum in the use 
phase, although it incurs in higher production costs due to the 
need to use a more powerful press machine and more robust 
tooling for stamping. 
Table 2. Output of the LCC model for the candidate materials (analysis unit: 
1 fender; annual production of 100,000 fenders during for 5 years). The unit 
LCC is the simple sum of all life cycle stages (values in 噉/fender). 
 St-1 St-2 St-3 Al-2 
Material acquisition 3.8 3.6 3.0 4.5 
Fender production 10.2 11.4 13.2 11.7 
Fender use 18.4 14.1 9.9 9.0 
Dismantling 0.06 0.05 0.03 0.03 
Total unit LCC 32.5 29.2 26.1 25.2 
 
For the life cycle inventory analysis (LCIA) the Eco-
Indicatorÿ99 was used as the EI measurement system to 
compare the environmental performance (Table 3). The EI 
caused by the fender life cycle is almost exclusively due to the 
material used in its manufacturing and in to the energy 
consumption in the use phase of the vehicle. For the steel 
alternatives the EI of the use phase is higher than for the 
production phase. The opposite occurs for the aluminum one. 
The main cause is the higher market availability of secondary 
steel allowing the production of steel from an average of 70% 
of secondary steel, against 30% for aluminum. Within the 
steel alternatives, St-3 is the best one environmentally. It has 
the lowest relative impacts in the material manufacturing and 
fender use phases due to the lower weight achieved for the 
fender with this alternative material. However, Aluminum is 
still the material with better performance regarding the use 
phase. 
Table 3. Output of the LCIA for the candidate materials (analysis unit is 1 
fender and an annual production of 100,000 fenders during 5 years). The unit 
EI (measured by EI’99 Points, weighting coefficients applied according to the 
hierarchic/average (H/A) perspective) is the simple sum of all life cycle 
stages (values in mEIÿ99 Points/fender). 
 St-1 St-2 St-3 Al-2 
Material manufacture 1047.9 802.2 564.5 1521.8 
Fender production 12. 13.2 15.7 12.0 
Fender use 1853.5 1418.5 993.6 899.0 
Dismantling 0.45 0.35 0.24 0.22 
TOTAL unit LCIA 2913.8 2234.3 1574.0 2433.0 
3.1.3. CLUBE Analysis of the results 
In the last step the candidate materialsÿ performance on 
cost and EIs were adimensionalized fostering its integrated 
comparison. The decision space is divided in levels of 
importance given to the upstream (production) and to the 
downstream (use and EoL) phases. 
Figure 3 presents the visual representation of performance 
maps of all candidate materials, based on Eq. 1. The best 
material options are mapped in the (D,E) space, meaning that 
they are mapped as a function of different levels of 
importance attributed to the upstream and downstream life 
cycle phases. The low cost of the material acquisition and 
production phases allow St-1 alternative to be the best choice 
when low importance is given to both use phases and EI 
performance. When more than 25% importance is given to the 
use phases and the importance of EI is kept low (less than 
20%) Al-2 becomes the best choice. The remaining materials 
selection space belongs to St-3 due to its good performance 
on EI. 
 
Fig. 3. CLUBE model applied to material selection case study. 
3.2. Technology selection 
The second case study discusses the application of the 
proposed LCE framework on the selection of technological 
alternatives for a mould to inject plastic cloth pegs. The 
alternatives regard different number of cavities, that is, 
different number of parts produced in a single injection cycle, 
and different types of runners – hot and cold (Table 4). The 
different types of runners have an impact on the amount of 
plastic material consumed and recycled, affecting the 
materials acquisition phase and the EoL phase of process 
scrap. This affects directly the cloth pegs production phase, 
executed by the part producer who, supporting the mold cost, 
is directly involved in the mold technology selection an in the 
mold design approval, even if it is produced elsewhere. 
Additionally, the different alternatives for the mold are 
reflected in its functional performance, in the sense that a 
higher complexity mold is expected to provide a higher 
capability and reliability. These two aspects suggest that the 
ternary diagrams model is in this case a better way for 
mapping and analyze the output of the LCE analysis. 
 
Table 4 – Designation of the design alternatives and main process parameters 
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Ref. Mould design type Injection Cycle Time (s) 
Mass per injection 
cycle (g/cycle) 
16H 16 cavities, hot runners 16.3 47.9 
16C 16 cavities, cold runners 20.9 56.4 
32H 32 cavities, hot runners 17.1 95.9 
32C 32 cavities, cold runners 22.8 114.4 
96H 96 cavities, hot runners 19.5 287.6 
96C 96 cavities, cold runners 25.4 414.0 
3.2.1. Scope Definition 
The analysis is focused on the mold life cycle, meaning 
that the cloth peg Use and EoL phases were not analysed, as 
they do not change with the mold design options. However, 
the cloth peg production, indeed the mould use phase, and the 
required volume of plastic material (plastic consumption in 
the mold use phase) were both taken into account. The 
boundaries of the analysis are illustrated in Figure 4. 
 
Fig. 4. Cloth pegs (part) life cycle. 
3.2.2. Results from LCC and LCA 
Each phase of the life cycle was modeled by means of a 
PBM as regards the material and energy consumption and the 
time usage of the resources required for a planned production 
volume of 2,400,000 units per year. Then all costs are 
assessed and the total life cycle cost of the part is computed. 
Regarding the final disposal, the plastic scraps and rejected 
cloth pegs are recycled and reused for injecting more parts 
(industrial recycling). After use the cloth pegs were 
considered to be also recycled.  
Considering only the injection moulding process, the most 
economic option is to choose the mould with 96 cavities and 
hot runners, mainly due to its lower injection cycle time per 
part. However, these costs consider only the cloth pegs 
production phase. Other cost should be included such as the 
mould cost. If all the life cycle costs are included (Table 5) 
the best choice economically is not the one with lower 
injection costs, but the one based on a mould with 32 cavities 
and cold runners. 
The results regarding the LCA analysis are presented in 
Table 6. The environmental streams occurred during the cloth 
pegs life cycle were, like in the previous case study, weighed 
in the life cycle impact assessment phase using EI’99, using 
the hierarchic/average (H/A) perspective.  
The results obtained show that the option with lower 
environmental impacts is the mould with 96 cavities and hot 
runners. This is mainly due to the lower energy consumption 
during injection molding phase.  
Table 5 – Output of the LCC for the technological alternatives (analysis unit 
is the annual production of 2,400,000 units during 5 years). The unit LCC is 
the simple sum of the all the life cycle stages (values in 噉). 
16H 16C 32H 32C 96H 96C 
Mould EOL -288 -288 -433 -433 -973 -973 
Part Production -Labour, 
Machine, Building, 
Maintenance, Overhead 
10972 13992 7112 9428 4572 5938 
Part Production - 
Material 49680 58457 49680 59119 49680 71374 
Part Production - Energy 769 905 769 916 769 1105 
Mould Production 4011 2229 6908 3343 14485 8914 
Total 65144 75295 64036 72373 68533 86358 
 
Table 6. Output of the LCIA for the candidate materials (analysis unit is the 
annual production of 2,400,000 units during 5 years). The unit EI (measured 
by EIÿ99 Points, weighting coefficients applied according to the 
hierarchic/average (H/A) perspective) is the simple sum of all life cycle 
stages (values in mEIÿ99 Points/cloth peg). 
16H 16C 32H 32C    96H    96C 
Part Material  51912 61133 51912 61927 51914 74725 
Part Production/      
Mould Use 6150 7901 3227   4308   1229   1598 
Mould Production 177 177 266     266    532     532 
Mould EOL -50 -50 -99     -99   -298    -298 
TOTAL LCIA 58242 69214 55358 66454 53429  76608 
3.2.3. Technical Evaluation 
For the analysis of the functional dimension, the 
requirements selected, not fully reflected on costs or 
environmental impacts, are related with the moulds 
production and its performance in injection molding (Table 
7). The number of cavities and the use of hot runners increase 
the mould complexity. The effect of this complexity is only 
partially reflected in the production cost accounting of the 
LCC model. In this dimension are essentially reflected the 
non-tangible effects of increasing the number of production 
steps and the components to integrate in the mould and the 
subsequent increasing of the lead time of mould production 
and of the potential of mistakes and rework. 
Table 7. Functional dimension assessment (Sij: 1-lowest; 10-highest 
performance based on moulds cavities characteristics).   
  Score of each alternative (Sij) 
Requirements Weigth (Wi) 
16H 16C 32H 32C 96H 96C 
Mould complexity 35% 10 9 6 5 2 1 
Mould reliability 25% 1 3 5 7 8 10 
Mould capability 40% 2 1 4 5 10 9 
Total 4.55 4.3 4.95 5.5 6.7 6.45 
The 96H mould is the one with better performance in the 
functional dimensions followed closely by the 96C mould. 
The number of cavities and the use of cold runner decrease 
the overall performance of the functional dimension. 
3.2.4. Ternary Diagram Model 
Finally, with the results obtained from the economic, 
environmental and technical performance dimensions, an 
integrated and global evaluation can be performed. The 
outcome values from the individual dimensions were 
adimensionalized to allow the attribution of importance 
weights (dimension weights). The sum of the three dimension 
Tool Material 
Production
Tool 
Production
Part Production
-Injection Moulding
Part Production 
Waste (Recycling)
Tool EOL
(Recycling)
Part Material 
Production 
Part Use
Part EOL
Labour
Raw 
Materials
Machines
Consumables
Energy
Raw 
Materials
Labour
Energy
Consumables
Machines
Energy
Labour
Machines
Energy
Labour
Machines
Energy
Emissions
Emissions
Emissions
Emissions
548   Paulo Peças et al. /  Procedia CIRP  15 ( 2014 )  543 – 548 
weights must be 100%. Different combinations of weights 
might result in a different “best technology for the 
application” and a slight modification of such weights might 
deeply modify this best alternative. The representation of the 
outputs on a ternary diagram illustrates not only the “best 
alternative” for a particular set of importance weights but also 
the domain of weights for each one. For example, if more than 
85% importance is given to costs, then the mould with 32 
cavities and cold runners is the best option. The mould with 
96 cavities and hot runners appears in an area where high 
importance is given to environmental and/or technical 
evaluation. The mould with 96 cavities and cold runners 
appears as the best one when high importance is given to 
technical performance and low importance is given to costs, 
while the mould with 32 cavities and hot runners appears on a 
more balanced area of the chart, where mid importance is 
given to costs and to environmental issues and low/medium 
importance to technical evaluation. 
 
Fig. 5. Ternary diagram applied to the selection of technological alternatives. 
3.3. Discussion 
The above case studies demonstrate the application of the 
LCE analysis together with different ways to visually map the 
outputs. In the material selection problem a few set of 
materials were pre-selected by designers, based on their 
ability to perform according to the product requirements. The 
thickness of the fender was in this case adjusted to the use of 
each material, allowing the best technical performance of 
some materials to be incorporated in the costs and 
environmental dimensions throughout the fender life cycle. 
Therefore, a further technical evaluation was redundant. On 
the opposite, in the second case study the different technical 
solutions would lead to different mould reliability, capability 
and complexity, difficult to translate into costs or 
environmental impacts. Regarding the second issue 
differentiating the two approaches, in the first case study the 
stakeholders in the upstream phases were also the decision 
makers, being the use phase supported later by the final client, 
the owners of the 100,000 cars. This means that different 
importance is likely to be given by the decision makers to the 
downstream phases, unlike in the last case study, where the 
focus was mainly in the mould production and mould use, 
both supported by the part producer. Therefore, in the last 
case the stakeholders’ separation was relevant. 
4. Conclusions 
The proposed LCE framework aims to guide decision 
making of designers and manufacturers in pursuing more 
sustainable products and processes. Through the integration of 
life cycle costs, environmental impacts and 
technical/functional performance of different alternatives, the 
“best alternative domains” are visualized in a visual map, 
allowing the design team to select the “best alternative” 
according to their practice and corporate strategy. Two 
models are proposed, depending on the type of decision 
problem. For supporting focused decisions like the selection 
of materials, the functional/technical dimension is generally 
exploited in a first preliminary stage for screening the 
candidate alternatives that meet the technical thresholds, and 
the economic and environmental impacts dimensions are the 
ones present on the final decision-making process (CLUBE 
mapping). When the functional/technical performance of 
alternatives is itself a selection criteria and it surmounts any 
cost or environmental measure, the three dimensions are 
integrated in the same stage of the decision-making process 
(Ternary mapping). Furthermore, when the main impacts of 
the different alternatives are supported different stakeholders, 
the CLUBE mapping is more suitable to address this type of 
decisions, as it separates the upstream and downstream 
economic/environmental performances of the alternatives.  
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